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We intend to investigate the single particle properties of the neutron-rich Ni isotopes
in the mass region around 68Ni and at a later stage towards the doubly-magic 78Ni. As a
first experiment we propose to study the single particle character of the ground and first
excited states of 67Ni. This nucleus will be the projectile-like reaction product for the
one-neutron transfer reaction. A 66Ni beam at 3A MeV delivered from REX-ISOLDE will
be directed on a CD2 target. Protons produced from the (d,p) reaction will be detected
either in singles or in coincidence with γ-rays recorded by the MINIBALL array. The
particles will be detected by the newly-built Si position-sensitive barrel configuration.
The objectives of this work are the unambiguous determination of the spins and parities
of the first excited states of 67Ni and measurement of the relative spectroscopic factors
of those states as well as of the ground state. The experimental results will be compared
with those from large-scale shell-model calculations as to shed more light to the fragile
nature of the N=40 sub-shell closure.
Physics Case
The magic numbers can be considered as the keystones for the modelling nuclear
structure. But, recent studies suggest that by changing the number of neutrons with
respect to the protons the size of shell gaps might alter [1, 2]. Weakening of the spin-orbit
force caused by the diffuse neutron matter [3], or the effect of tensor monopole neutron-
proton interaction [4], are two possible causes for this effect. One interesting region of
the nuclear chart (Fig. 1) is situated between 68Ni and 78Ni because of the closed proton
shell (Z=28) and the closed neutron harmonic-oscillator sub-shell (N=40), where the 1g9/2
unique-parity orbital plays a key role.
Up to now the collective properties of the neutron-rich unstable isotopes of Ni, Zn and
Cu at the N=40/50 mass region have been experimentally studied through ”safe” low en-
ergy Coulomb excitation [5, 6], through intermediate-energy Coulomb excitation [7, 8] and
β-decay studies [9, 10]. At the same mass region g-factor measurements have been per-
formed [11] as well as precise mass measurements at the ISOLTRAP at ISOLDE/CERN
[12] and at JYFLTRAP at Jyva¨skyla¨ [13].
Despite the rather extensive study of this mass region the nature of the N=40 sub-shell
closure and the specific influence of the 1g9/2 orbital is not yet clarified.
The fact that in 68Ni (N=40, Z=28) the lowest excited state has spin and parity 0+ and
lies at higher energy (1770 keV) compared to the neighboring even isotopes is a possible
indication of a sub-shell closure. The concept of the subshell closure around N=40 was
further strengthened from the shell-model predictions of isomeric states near magic nuclei
which were confirmed experimentally by Grzywacz et al. [14] where many isomeric states
were discovered in the vicinity of 68Ni. Additional evidence that 68Ni could be treated as a
semidouble-magic nucleus came from the facts that the first 2+ state was firmly established
at 2033 keV [15], which is 500 keV higher that the corresponding 2+ states in the even
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Figure 1: Part of the chart of Nuclides at the N=40 region
neighbours, and the very small B(E2) value deduced from ”safe” and intermediate-energy
Coulomb excitation experiments [16, 7]. Both the energy of the first 2+ of the even Ni
isotopes and the corresponding B(E2) values are graphically represented in Fig. 2. On the
other hand, 68Ni does not show a pronounced irregularity in the two-neutron separation
energy [12, 13] as is expected for a magic nucleus. Furthermore, β-decay studies [9] showed
that the stabilising effect of the N=40 gap disappears already with the coupling of a single
nucleon. More recently, Stefanescu et al. [5] through Coulomb excitation deduced that
the coupling of at least two like quasiparticles to 68Ni weakens the stabilisation effects
of the N=40 subshell and the Z=28 shell gaps, in agreement with Refs. [8, 17]. On the
same ground the main finding of Langanke et al. [18] was that the small observed B(E2,
0+1 → 2+1 ) strength is not necessarily an argument for a shell closure at N=40, but it
simply reflects the fact that a significant portion of the low lying B(E2) strength resides
in excited states above 4 MeV. Alternatively, according to Grawe et al [19], in order to
create a 2+ state and maintain parity at least two neutrons from the 2p1/2 shell have to
be excited to the positive-parity 1g9/2 orbital. This could be the reason for the small
observed B(E2,0+1 → 2+1 ) strength and the high excitation energy of the 2+1 state of 68Ni.
One more indication of the limiting understanding about the role of the 1g9/2 orbital
comes from the g factor measurement of the isomeric 9/2+ state of 67Ni [11], where the
measured value differed by a factor of two from that expected for a 1g9/2 orbital.
From the above mentioned studies the reader can easily see that the properties for the
mass region around 68Ni have been extensively studied, but with contradictory conclu-
sions. The next obvious step, as to shed more light at this mass region, is to study the
single-particle character of the odd neutron-rich nickel isotopes.
In particular, in terms of the extreme shell-model 67Ni can be considered as a dominant
68Ni core plus one neutron hole. Through the experimental study of the single-particle
character of the ground and first excited states of 67Ni, by means of 2H(66Ni,p)67Ni re-
action, we will be able to verify whether such a picture is correct and will give some
indication of the degree to which N=40 can be considered as a proper subshell closure.
Through the proposed experiment the relative spectroscopic factors will be deduced
which can be directly compared with existing theoretical calculations (e.g. [20]) or large-
scale shell-model calculations like in e.g. [21]. As can be seen in Fig. 3, where the
available spectroscopic information for 67Ni is presented, only the spin and parity of the
ground state is fixed [22], while for three of the excited states spectroscopic information
is only tentatively known. Therefore, another motivation for the proposed experiment is
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Figure 2: E2+1 and B(E2) systematics of the Ni isotopic chain.
the unambiguous determination of the spin and parity of these levels.
The study of the N=40 subshell closure is also of considerable interest for the nuclear
astrophysics. Every shell or subshell closure consist a ”waiting point” in the path of the
rapid neutron capture nucleosynthesis mechanism (r-process) which takes place at hot
explosive stellar environments like supernovae. The knowledge of the strength of this
subshell closure, as well as the nuclear structure properties of the isotopes in this mass
region are necessary data in astrophysical calculations [24, 25].
The proposed experiment should be considered as a starting point of a survey on
the single-particle character of the odd neutron-rich nickel isotopes. By this means the
systematics for the single-particle character will be deduced in the mass region around
N=40 and eventually, when more intense and pure Ni beams become available, up to
N=50.
Experimental setup
There are two main parts of the experimental setup. The segmented Si detectors for
the particle-detection and identification and the MINIBALL array which has already been
used in several experiments for the detection of γ-rays over the past few years. (Fig. 4).
The particle-detection setup comprises a Double-Sided Segmented Si Detector (DSSSD),
which is placed at the backward angles and a barrel of eight planar detectors around 90◦
[26]. The four forward detectors of the barrel are ∆E-E telescopes as to enable the parti-
cle identification between the different particles expected at these angles. The thickness
of the ∆E part is 140 µm and of the E part 1 mm. The ∆E detector is segmented in
16 strips perpendicular to the beam direction. The position information along each strip
can be derived from the charge division on a resistive layer. The angular coverage of the
forward barrel detectors is from 30◦ up to 76◦. At the backward angles the four detec-
4
Figure 3: The available spectroscopic information for 67Ni [23].
tors, which cover the angular range between 104◦ and 152◦, are thick 500 µm E-detectors
segmented as the ∆E-detectors in the forward direction. The DSSSD detector consists
of four quadrants. Each quadrant is segmented in 16 annular strips on the front and in
24 radial segments in the back side. The thickness of this detector is 500 µm which is
sufficient to stop protons up to the energy of 8.3 MeV and covers the backward angles
147◦-172◦.
This newly-built particle-detection setup can be mounted in a scattering chamber
slightly larger than the one used up to now for Coulomb excitation studies. In this
way the efficiency of the MINIBALL array is only slightly smaller than before. More
specifically from the experience of the IS454 experiment [27], where the new chamber was
used for first time, the MINIBALL clusters had to be retracted apart along their axis only
by 2 cm.
The high counting rate at the forward angles caused by the elastic scattering of Ni
with target nuclei can be reduced by mounting a Mylar foil of 17 µm in thickness. In this
way the elastic scattered carbon nuclei can be stopped for lab angles higher than 65◦ and
the elastic scattered deuterons at angles higher than 70◦. Preventing the elastic scattered
particles reaching the detectors at these angles is important since 90◦ in the lab system
in inverse kinematics corresponds to 0◦ in the CM system.
For the beam spatial profile optimisation at the target position the diode collimator
and the diamond detector can be used in combination with the PPAC detector. This
proved to be very useful during the IS454 run.
The beam composition and the percentage of the expected Ga contamination can be
determined by three different ways: by using an additional Ge detector behind the beam
dump as to be able to identify the γ-rays of the β-decay of beam particles, by the Bragg
chamber [28] which allows the mass and charge identification of the beam particles, and
by a few hours of ”Laser ON/OFF” runs. Furthermore the kinematic signature of the
(d,p) events from the expected Ga contamination is quite different since the Q value
of this reaction is 9.0 MeV i.e. 5.4 MeV higher than the Q value of the d(66Ni,p)67Ni
reaction. For this reason the proton energies from the (d,p) reactions in 66Ni are much
lower than those from the (d,p) reactions in 66Ga in all cases, irrespective of where the
reaction occurred within the ”thick” target.
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Figure 4: The drawing of the new detector set-up showing the four (out of the eight)
clusters and an aspect of the inner part of the barrel configuration.
Experimental method
As shown by many experiments the last four decades, one-nucleon transfer reactions
can be used to deduce spectroscopic information for nuclei at or near the valley of stability.
By means of the single nucleon transfer reactions the spin and parity of the populated
levels can be deduced as well as the corresponding Spectroscopic Factors (SF). For instance
if we consider the (d,p) reaction the SF represents the degree that the final nucleus can be
described by the initial nucleus plus a neutron at a certain single-particle orbit. The SF’s
in their relative or absolute form can be directly compared with the results of shell-model
calculations.
We propose the investigation of the single-particle character of the odd neutron-rich
nickel isotopes. As a starting point we suggest the study of the 66Ni(d,p)67Ni reaction
in inverse kinematics. The 66Ni beam will be delivered from REX-ISOLDE and will be
directed to a CD2 target.
In order to obtain spectroscopic information for all the levels of 67Ni, the protons
produced from the (d,p) reaction, which has a Q value equal to 3.583 MeV, have to be
detected either in singles or in coincidence with the corresponding gamma rays. As can
be seen in Fig. 3 the population of the ground state, as well as of the second excited state,
are not accompanied with promptly emitted γ-rays, which means that we have to rely in a
singles measurement of the protons. For this reason in the proposed experiment two kind
of measurements are suggested: a) One with ”thin” CD2 target where the protons will be
detected in singles and b) the particle - γ coincidence measurement where a ”thick” CD2
target can be used.
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Figure 5: Results of the Monte-Carlo calculations. The calculations correspond to the
”thin” target runs (see text) where the thickness of CD2 target is 100 µgr/cm
2. The
different proton groups assigned to the population of the ground and the first excited
states of 67Ni are indicated.
Concerning the ”thin” target measurement (the singles measurement), the overall
resolution is crucial and is mainly affected by the target thickness. The discrimination of
the different proton groups has been studied through extensive GEANT4 Monte-Carlo (MC)
calculations. In calculations, the expected number of reactions for the requested beam
time was simulated. As an input in these calculations the angular distribution of protons
obtained from FRESCO [29] DWBA calculations was used, where potentials of the entrance
and exit channels were described by global Optical Model Potential (OMP) parameters
[30, 31]. In these finite-range DWBA calculations, a SF equal to 0.2 was assumed for the
population of each level of 67Ni. Concerning the geometrical parameters of the bound state
potentials, the standard values for the radius and the diffuseness were adopted i.e. r◦ =
1.25 fm and α = 0.65 fm. From the MC calculations resulted that in order to discriminate
the different proton groups a thin 100µg/cm2 CD2 target has to be used. As can be seen
in Fig. 5, by using this target the proton group which corresponds to the population of the
ground state of 67Ni can be well separated from the rest at all backward angles while the
emitted protons attributed to the second and third excited states cannot be discriminated
in the singles mode. These two groups can, however, be distinguished after combining the
singles with the particle-γ coincidence data. At the forward angles the different proton
groups cannot be discriminated in a singles measurement. This will not cause problems in
the data analysis process since in inverse kinematics the important angles for the spin and
parity assignment are the backward lab angles. In Fig. 6, the resulted angular distribution
from the same MC calculations is presented where the expected number of counts per 10◦
is given for the requested beam time. As can be seen by taking into account the expected
statistics for the proposed experiment, the momentum transfer and correspondingly the
assignment of the spin and parity of the populated levels is feasible, in most of the cases,
considering only the backward angles.
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Figure 6: The expected number of counts per 10◦ for each proton group and for the
requested beam time, assuming the reaction cross section given in Table 1. At the MC
calculations the angular distribution from DWBA calculations was used as an input where
the indicated single-particle state was assumed. The error bars correspond to the statis-
tical uncertainty.
In the ”thick” target measurement, the states populated by the reaction will be iden-
tified by their characteristic γ-rays. In these runs, the resolution of the singles proton
spectrum is not a limiting factor and a thicker target (1mg/cm2) can be used. By this
means the counting rate of the coincidence mode of analysis will almost be the same as
the singles mode. Our aim is to use the ”thick” target measurement as to obtain spec-
troscopic information for all the levels of 67Ni that de-excite promptly by the emission of
one or more characteristic γ-rays that will be recorded by the MINIBALL detector array.
The contribution of the fusion evaporation channel is expected to be small as was also
deduced from previous studies of 64Ni(d,p)65Ni at similar centre of mass energies e.g. see
Ref. [32]. The good description of the experimentally deduced angular distribution of
protons in [32] through simple DWBA calculations means that the contribution of the
statistical reaction mechanism to the overall process is also expected to be small at REX-
ISOLDE, despite the small available beam energy. The minimal contribution of fusion
evaporation protons at this mass and energy region was also proven from a test run of
the barrel configuration that was performed at the tandem accelerator at TU Munich. At
this measurement a stable 64Ni beam at 180 MeV was directed into a thin CD2 target
95µgr/cm2 in thickness. More specifically, it resulted that the number of counts of each
strip of the backward DSSSD detector was in full agreement with the expected from MC
calculations, where DWBA calculations where used as input. In these DWBA calculations
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Single Target Total number
Levels particle state (µgr/cm2) σ (mb) events/h of events
ground 2p1/2 1000 4.2 no p-γ coinc. no p-γ coinc.
1 1f5/2 1000 2.6 31 2700
2 1g9/2 1000 2.2 no p-γ coinc. no p-γ coinc.
3 2p3/2 1000 13.4 160 14000
4 2p3/2 1000 17 203 17800
ground 2p1/2 100 4.2 62 5500
2 1g9/2 100 2.2 32 2900
3 2p3/2 100 13.4 200 17600
Table 1: Expected counting rates for each proton group that corresponds to the population
of the ground and the first four excited states of 67Ni assuming the single-particle state
Ipi given in the second column. For the REX efficiency a value of 5 % was considered.
The detection efficiencies that were assumed are: ²part ' 55 %, ²γ ' 8 %. The integrated
number of counts for the whole barrel configuration and for the requested beam time is
given for the ”thin” and ”thick” target measurements.
the angular distribution of protons was obtained for the population of the ground and
the first four excited states of 65Ni - the same states that we expected to observe at the
DSSSD detector for the threshold that was implemented.
The measured cross sections and the corresponding angular distribution of the emitted
protons will be analysed according to the results of DWBA calculations. By this analysis
the spin and parity of the populated levels can be unambiguously deduced as well as
the relative spectroscopic factors. Spectroscopic information about the populated levels
can be also be obtained from the angular distribution of the emitted γ-rays, which is
characteristic of their multipolarity.
Beam time request
The 66Ni isotope can be produced by the standard UCχ/graphite target and be ionised
with RILIS. According to the latest yield measurement [33] the expected beam intensity
at the Miniball target is expected to be 1·106 s−1 for 66Ni considering 5% efficiency for
REX. An issue that has to be taken into account for the scheduling of the experiment
is the long half life-time of 66Ni beam particles which is 54.6 h. Concerning the target,
as mentioned in the previous section, two kind of CD2 targets are planned to be used:
one thin 100 µg/cm2 for the measurement in singles and one thick 1 mg/cm2 for the
particle-γ coincidence measurement. In particular, by the thin target measurement we
are aiming to obtain the angular distribution of the two proton groups which correspond
to the population of the ground state as well as the unresolved groups that corresponds to
the isomeric excited state 9/2+ and the third excited state (the group of protons indicated
as ”2+3” at the left part of Fig. 5). By means of the thick target particle-γ coincidence
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measurement we will be able to deduce spectroscopic information for the rest of the excited
states up to the excitation energy of 3 MeV and to estimate the contribution in the singles
measurement of the third excited state to the group of protons that the 9/2+ state belongs
to. In both measurements the counting rate is expected to be approximately the same
since the efficiency ”losses” due to the coincidence mode of analysis are compensated by
the thicker target.
In Table 1 the expected counting rate is given for each proton group for both mea-
surements i.e. for the ”thick” and the ”thin” target run. The integrated cross section
was deduced from the same DWBA calculations that were used as an input to the MC
calculations, conservatively assuming SF = 0.2 and a single particle state as indicated in
the table. As can be seen the predicted cross section changes almost by a factor of eight
between the different levels. For the estimation of the needed beam time request a cross
section of 4 mb was considered and an efficiency of the particle and γ detectors: ²part '
55 % (without the forward DSSSD detector), ²γ ' 8 % was assumed. As to obtain enough
statistics i.e. 5000 cts in the particle detectors, 11 shifts of 66Ni beam are needed
for the ”thin” target run and the same number of shifts for the ”thick” target
run. Additionally, we request for 3 shifts to prepare the beam. In total for the
whole measurement we request 25 shifts.
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